Context: Obesity-related insulin resistance is associated with an increase in adipocyte size. In rodent models, treatment with the insulin-sensitizers thiazolidinediones (TZDs) leads to the appearance of small, insulin-sensitive adipocytes. Whether such TZD-dependent morphological changes occur in adipose tissue of insulin-resistant patients is unclear.
O
besity is associated with an abnormal secretion pattern of adipocytes and increased infiltration of macrophages into adipose tissue (1, 2) . Recent studies have shown that the increased risk for obese subjects to develop insulin resistance and type 2 diabetes mellitus (T2DM) is associated with increased sc abdominal adipocyte surface (3, 4) . Large adipocytes are relatively insulin insensitive and have an increased basal lipolysis and an altered secretion of adipokines (5, 6) . In addition, hypertrophic adipocytes promote the infiltration of macrophages into adipose tissue, leading to enhanced production of proinflammatory cytokines that contribute to the development of insulin insensitivity (7) . It has therefore been assumed that the presence of large adipocytes may drive the development of insulin resistance.
Thiazolidinediones (TZDs) are an insulin-sensitizing class of pharmacological compounds widely used for treatment of T2DM, which exhibit their insulin-sensitizing effects by decreasing visceral fat content, enhancing insulin action, and improving glucose homeostasis (8) . At the same time, TZDs increase the sc fat depot (9) . TZDs are ligands for peroxisome proliferator-activated receptor-␥, a nuclear transcription factor highly expressed in adipose tissue (10) . One of the adipose tissue-specific effects of TZDs, mainly described in rodent studies, is the stimulation of adipocyte differentiation and apoptosis of large adipocytes, resulting in an increased population of small, more insulin-sensitive adipocytes (11) . This suggests that improvement in glucose homeostasis by TZD treatment will be accompanied by changes in adipocyte size.
In the present study, we investigated the effects of pioglitazone treatment on insulin sensitivity, sc adipocyte surface, and expression of genes involved in glucose uptake and inflammation, in insulin-resistant subjects.
Patients and Methods

Study population
Twelve patients with genetically characterized, classical, congenital adrenal hyperplasia (CAH) on a stable corticosteroid dose were studied in a randomized crossover design. Based on their underlying condition and chronic treatment, this group of patients is characterized by insulin resistance (12) . After a 4-wk run-in phase, patients were randomized to treatments with placebo and pioglitazone (45 mg/d) in a blinded fashion for 16 wk or vice versa. At the end of each treatment period, sc adipose tissue biopsies were obtained under local anesthesia by needle biopsies 6 -10 cm lateral to the umbilicus. Samples were taken after an overnight fast. Fasting plasma adiponectin, leptin, insulin, and glucose were determined and insulin sensitivity index (ISI) was assessed. Finally, the percentage of trunk fat was determined.
The ethical committee of the Radboud University Nijmegen Medical Centre approved the study protocol and the procedures followed were in accordance with institutional guidelines. All subjects gave written informed consent.
Adipocyte surface
Morphometry of individual fat cells was assessed in a blinded fashion using digital image analyses as described recently (13) . In short, after biopsy, adipose tissue was immediately fixed in paraformaldehyde and embedded in paraffin. Subsequently paraffin slides were stained with hematoxylin-eosin. Inasmuch our method to measure adipocyte size requires intact cell membranes, we initially optimized the thickness of our sections. Microscopic observation revealed that adipose tissue samples cut into sections less than 8 m showed ruptured cells. To avoid multilayered cells, we used 10-m sections for the analysis. For each subject, surface of all fat cells in four to seven microscopic fields of view were measured. On average, 250 fat cells were measured per specimen (range 150 -350).
RNA isolation and real-time PCR analysis
Total RNA was extracted from sc adipose tissue using TRIzol reagent (Invitrogen, Carlsbad, CA). RNA concentration was determined using the NanoDrop (NanoDrop Technologies, Wilmington, MA). cDNA synthesis was performed using the iScript cDNA synthesis kit (Bio-Rad Laboratories, Hercules, CA). Realtime PCR was performed using Power-SYBR Green master mix and the 7300 real-time PCR system (Applied Biosystem, Warrington, UK). Expression of genes was normalized to ␤2M gene expression levels. Primer sequences are available on request.
Insulin sensitivity and body fat distribution
Insulin sensitivity was assessed by a hyperinsulinemic euglycemic clamp and expressed as glucose disposal rate and ISI essentially as described previously (14) . Total-body dual-energy x-ray absorptiometry scanning was performed using a QDR 4500 densitometer (Hologic, Bedford, MA) to determine indirectly the percentage of trunk fat mass by dividing the absolute fat mass of the trunk by the total mass of the trunk.
Biochemical analyses
Glucose concentrations were measured using the oxidation method (Glucose Analyser 2; Beckman Instruments Inc., Fullerton, CA). Plasma concentrations of leptin and total adiponectin were determined using ELISAs (R&D Systems, Minneapolis, MN). The interassay and intraassay coefficients of variation were 6.5 and 3.5% for total adiponectin and 4.4 and 3.2% for leptin.
Statistical analyses
Variables are expressed as means Ϯ SD. Differences in adipocyte surface after placebo and pioglitazone treatment were studied using one-way univariate ANOVA. Student's paired t test was used to analyze statistical significance of treatment differences of other variables. Two-tailed P Ͻ 0.05 was considered significant. Tukey honestly significant difference post hoc testing was applied for multiple comparison testing. All statistics were performed using SPSS software (version 16.0; SPSS Inc., Chicago, IL). and 4.53 Ϯ 0.7 mmol/liter, respectively. The cell surface of sc adipocytes in our study population showed large variation. Whereas the mean sc adipocyte surface was 2323 Ϯ 725 m 2 , clear interindividual differences were observed (Fig. 1, A and B) . Interestingly, adipocyte cell surface was positively correlated with the percentage of trunk fat (r ϭ 0.73; P ϭ 0.01) and plasma leptin levels (r ϭ 0.70; P ϭ 0.01) and negatively correlated with the ISI (r ϭ Ϫ0.60; P ϭ 0.04) (Fig. 1C) . In addition, adipocyte surface correlated negatively with glucose transporter 4 (GLUT-4) mRNA expression (r ϭ Ϫ0.65; P ϭ 0.03) and positively with the mRNA expression level of the inflammatory marker monocyte chemoattractant protein (MCP)-1 in the adipose tissue (r ϭ 0.57; P ϭ 0.05) (Fig. 1D) . Noticeably, adjustment for BMI did not significantly alter the correlations that were observed between the different variables and adipocyte surface.
Effects of pioglitazone treatment
After 16 wk of pioglitazone treatment, body weight and BMI had increased (by 2.0 Ϯ 3.3 kg and 0.7 Ϯ 1.1 kg/m 2 ; P ϭ 0.06 for both), but no difference was observed in mean trunk fat percentage. Insulin sensitivity improved significantly after pioglitazone as reflected by ISI (placebo: 0.35 Ϯ 0.16; pioglitazone: 0.53 Ϯ 0.16 mol/kg ⅐ min per milliunit per liter), P Ͻ 0.001). The ISI was based on glucose disposal rate (placebo: 28.5 Ϯ 11.6 mol/kg ⅐ min; pioglitazone 38.9 Ϯ 11.0 mol/ kg ⅐ min, P Ͻ 0.001) and the insulin level at 120 min (placebo: 87.5 Ϯ 22.9 mU/liter; pioglitazone: 76.3 Ϯ 13.8 mU/liter, P ϭ 0.03). Subcutaneous adipocyte surface increased significantly (by 497 Ϯ 625 m 2 ; P ϭ 0.03) after pioglitazone treatment: eight of 11 patients showed larger adipocytes (Fig. 2, A and B) . Pioglitazone had no significant effect on fasting plasma insulin (7.9 Ϯ 4.1 mU/liter after pioglitazone), glucose (5.1 Ϯ 0.5 mmol/liter after pioglitazone), adiponectin (placebo: 5.4 Ϯ 3.9 g/ml; pioglitazone: 6.1 Ϯ 4.7 g/ml), and leptin levels (placebo: 23.6 Ϯ 14.9 ng/ml; pioglitazone: 22.9 Ϯ 16.3 ng/ml). Quantitative PCR analysis revealed increases in expression of adiponectin (P Ͻ 0.01) and GLUT-4 (P ϭ 0.10) mRNA in adipose tissue after pioglitazone treatment. MCP-1 mRNA expression appeared lower after pioglitazone treatment, but the differences were not statistically significant (Fig. 2C) . After pioglitazone treatment, the negative correlation between sc adipocyte surface and ISI was slightly weaker (r ϭ Ϫ0.58; P ϭ 0.05), and the negative correlation between GLUT-4 and sc adipocyte surface was no longer significant (r ϭ Ϫ0.42; P ϭ 0.2). Correlations between sc adipocyte surface and the percentage of trunk fat, plasma leptin levels, and MCP-1 gene expression were dramatically changed after pioglitazone treatment. In contrast to placebo treatment, the percentage trunk fat and plasma leptin levels were no longer positively correlated with sc adipocyte surface. In addition, the positive correlation of MCP-1 gene expression levels and adipocyte surface observed after placebo treatment was lost after pioglitazone treatment. Apparently, enlarged adipocyte surface no longer predicts metabolic abnormalities and adipose tissue functioning after pioglitazone treatment in this study population.
Discussion
In the present study, we describe the effect of pioglitazone on sc adipose tissue morphology, gene expression levels, and insulin sensitivity in a group of insulin-resistant patients. Although adipocyte hypertrophy was associated with indices of insulin resistance, pioglitazone treatment resulted in an enlargement of sc adipocytes in parallel with an improvement of systemic insulin sensitivity.
The positive association between obesity-induced adipocyte hypertrophy and the development of insulin resistance and T2DM has been reported before (4). The development of hypertrophic adipocytes is partly explained by the impaired ability to differentiate new fat cells, resulting in enlargement of existing adipocytes (15) . Enlarged adipocytes are characterized by a lower insulinmediated glucose disposal, disturbances in lipid mobilization, and secretion of higher levels of leptin compared with smaller adipocytes (3, 16) . In line with these detrimental effects of adipocyte hypertrophy, our data show that after placebo enlarged sc adipocyte surface correlates with elevated levels of circulating leptin, low insulin sensitivity, and lower GLUT-4 mRNA expression, an essential glucose uptake transporter. Adipocyte surface also positively correlates with secretion of proinflammatory adipokines (17) . In our study, the MCP-1 proinflammatory gene expression positively correlated with sc adipocyte surface, suggesting that enlarged adipocytes have increased secretion levels of MCP-1 (17). Elevated MCP-1 levels might also be indicative of increased accumulation of macrophages in sc adipose tissue that promote the development of insulin resistance. Altogether our observations suggest that sc adipocyte hypertrophy is indicative of unfavorable metabolic functioning of adipose tissue after placebo treatment.
In agreement with previously published studies, treatment with pioglitazone significantly improved insulin sensitivity in our study population despite an increase in body weight (18) . Because peroxisome proliferator-activated receptor-␥ efficiently binds TZDs and is abundantly expressed in adipose tissue, pioglitazone is thought to primarily target the adipose tissue in which it promotes the development of small adipocytes characterized by an improvement in metabolic function. However, evidence in support of this mechanism of action has mainly been obtained from rodent studies (11) . The number of studies that have investigated sc adipocyte surface in response to TZD treatment in humans is limited and has revealed ambiguous results. So far, studies have reported no change or an increase in the number of small adipocytes together with an improvement of insulin sensitivity after TZD treatment (19, 20) , although a trend toward fat cell volume increase was also observed (21) . In the present study, we observed a clear increase in sc adipocyte surface by pioglitazone together with an improvement of whole-body insulin sensitivity. These divergent results may be explained by differences in methodology. Previous studies measured adipocyte surface using isolated adipocytes obtained after collagenase digestion and subsequent centrifugation. This treatment usually results in breakage of large cells, leading to an unrepresentative sample of the original cell population with underestimation of large cells (22) . In the present study, immediate fixation of adipose tissue biopsies after isolation warranted accurate estimation of adipocyte surfaces.
Importantly, positive correlations between adipocyte surface and plasma leptin, percentage trunk fat, and MCP-1 gene expression levels, markers indicative of insulin resistance and adipose tissue dysfunctioning, disappeared after pioglitazone-induced enlargement of adipocytes. These findings suggest that pioglitazone-induced adipocyte surface enlargement does not have a detrimental but a beneficial effect on adipose tissue metabolism. Hypothetically the pioglitazone-induced adipocyte hypertrophy might result from redistribution of visceral and ectopic fat toward sc storage, ultimately leading to smaller visceral, although enlarged, sc adipocytes. Because no visceral fat biopsies were taken, no data are available to support this hypothesis.
This study was performed in a group of adult patients with CAH on stable corticosteroid treatment. These patients are characterized by insulin resistance (12) and were used in this study as a human model for obesity-associated insulin resistance. The advantage of this approach is that pioglitazone treatment will not lead to changes in glucose levels, and hence, the pure, not confounded by changes in glycemic level, effect of the TZD on fat metabolism can be studied. The improvement of insulin sensitivity suggests a normal response to pioglitazone in CAH patients and affirms the applicability of the model. However, we cannot exclude that other human models of insulin resistance would show different responses.
In conclusion, our data, obtained from human adipose tissue samples, confirm that increased sc adipocyte surface correlates with indices of insulin resistance at the wholebody and cellular level. Pioglitazone treatment enlarges adipose tissue and increases adipocyte surface, whereas at the same time improving the systemic insulin sensitivity.
